MCP-1-induced protein-1 (MCPIP1) is a newly identified protein that is crucial to immune regulation. Mice lacking MCPIP1 gene suffer from severe immune disorders, and most of them cannot survive longer than 12 weeks. Considerable progress has been made in revealing the mechanism underlying the immune regulatory function of MCPIP1. MCPIP1 can act as an RNase to promote the mRNA degradation of some inflammatory cytokines, such as IL-6 and IL-1. Pre-microRNAs are also confirmed to be the substrate of MCPIP1 RNase. The structure of MCPIP1 N-terminal conserved domain shows a PilT N-terminus-like RNase structure, further supporting the notion that MCPIP1 has RNase activity. MCPIP1 can also deubiquitinate TNF receptor-associated factor family proteins, which are known to mediate immune and inflammatory responses. In this review, we summarize recent progress on the immune regulatory role of MCPIP1 and discuss the mechanisms underlying its function.
INTRODUCTION
MCP-1-induced protein-1 (MCPIP1), encoded by the gene zc3h12a, is a recently identified zinc-finger-containing protein that acts as a critical regulator of immune homeostasis. MCPIP1 is induced by MCP-1 in human peripheral blood monocytes or by IL-1β in human monocyte-derived macrophages through the activation of the NF-κB signaling pathway (Skalniak et al., 2009) . MCPIP1 can also be induced by lipopolysaccharide (LPS) in mouse macrophages (Liang et al., 2008; Matsushita et al., 2009) .
The full-length protein of MCPIP1 has 599 amino acids; it contains an N-terminal conserved domain (NCD), a zinc-finger domain, and two proline-rich domains, as shown in Fig. 1 . The NCD (residues 100-300) is conserved within the MCPIP family (MCPIP1, MCPIP2, MCPIP3, and MCPIP4) and among different species, indicating its functional importance. Sequence alignment (Fig. 1B) shows that the potential UBA (Liang et al., 2010) , zinc-finger motif, and C-terminal are conserved within the MCPIP family, indicating the similarity of their functions. The NCD is suggested to be an RNase because it shares remote homology with the PilT N-terminal (PIN) domain (Matsushita et al., 2009 ). Further structural study by our group confirms that the NCD of MCPIP1 is a PIN-like RNase. The zinc-finger motif in the MCPIP family is CCCH type with CX 5 CX 5 CX 3 H arrangement, which differs from the most commonly found CX 8 CX 5 CX 3 H-type in other proteins. The CCCH zinc-finger motif is believed to interact with the AU-rich element located in the 3′-UTR of mRNA (Hake et al., 1998; Lai et al., 2002; Hudson et al., 2004) . Two proline-rich domains exist in the MCPIP1 sequence. One lies in the N-terminal part and partially overlaps with the NCD (residues 100-126), and the other lies in the C-terminal of MCPIP1 (residues 458-536). These two proline-rich domains, which are not conserved in the MCPIP family, are thought to be responsible for its activation and protein-protein interactions (Zhou et al., 2006) . MCPIP1 participates in many different pathways and has multiple functions. The substrates of MCPIP1 and their functions are summarized in Table 1 . First, it is identified as a transcription factor and proved to regulate the expression of multiple genes involved in different aspects of immune response (Zhou et al., 2006; Liang et al., 2008; Niu et al., 2008) . MCPIP1 negatively regulates the LPS-induced promoter activity of TNFα and iNOS (Liang et al., 2008) . It can also reportedly induce glial differentiation in NT2 cells by increasing GFAP expression and inducing astrocyte morphology (Vrotsos et al., 2009 ). Adipogenesis, a key differentiation process related to several diseases, can also be induced by MCPIP1 in 3T3-L1 cells (Younce et al., 2009) . Another study demonstrates that MCPIP1 knockout mice shows severe anemia and immune disorder (Matsushita et al., 2009) . This phenomenon has also been found in other CCCH zinc-finger-containing proteins such as tristetraprolin (TTP) and Roquin (Taylor et al., 1996; Vinuesa et al., 2005; Yu et al., 2007) . Recently, numerous studies have focused on the RNase activity of MCPIP1 targeting on the mRNAs of IL-6, IL-1β (Matsushita et al., 2009; Mizgalska et al., 2009) , and pre-microRNAs (Suzuki et al., 2011) . Another study shows that MCPIP1 can act as a deubiquitinating enzyme (DUB) targeting TNF receptor-associated factor (TRAF) family proteins (Liang et al., 2010) .
MCPIP1 expression sensitizes cells to apoptosis under stress by inhibiting the formation of stress granules. This function also depends on the DUB activity of MCPIP1 (Qi et al., 2011 ). An overview of the functions of MPCIP1 is shown in Fig. 2 . (Kishimoto, 1989 (Kishimoto, , 2005 Naugler and Karin, 2008) .
IL-12p40 mRNA Proinflammatory and immunostimulatory functions (Abdi, 2002; Khader et al., 2006) .
IL-1β mRNA Inflammasome signaling and IFN-γ or IL-10 production in T H 17 cells (Rathinam et al., 2012; Zielinski et al., 2012) .
pre-miR-135b Up-regulation in colorectal cancer (Bandres et al., 2006) .
pre-miR-146a Down-regulation of TRAF6 and IRAK1 (O′Connell et al., 2012) .
pre-miR-21 Down-regulation of PDCD4; increased expression level in leukemia, lung cancer, breast cancer, etc. (Lee and Dutta, 2009; O′Connell et al., 2012) .
pre-miR-155 Down-regulation of SHIP1 and SOCS1; increased expression level in leukemia, pancreatic cancer, etc. (Lee and Dutta, 2009; O′Connell et al., 2012) .
pre-miR-143 Down-regulation of MACC1 and hexokinase 2 Zhang et al., 2012) .
pre-miR-145 Decreased expression level in colorectal and ovarian cancers (Lee and Dutta, 2009 ).
TRAF ubiquitination
Signal transduction in the TNF, IL-1, and LPS-induced signaling pathways (Gatot et al., 2007; Sun, 2008) . The function of MCPIP1 as an immune regulator has been proven by many studies. This review discusses the immune regulatory function of MCPIP1, the progress made in its structural study, as well as the connection between the structure and function.
TRANSCRIPTION FACTOR
MCPIP1 has first been discovered as a transcription factor that possesses proapoptotic activity, and MCPIP1 overexpression leads to cell death in HEK293 cells or the cardiomyoblast cell line H9C2 (Zhou et al., 2006; Vrotsos et al., 2009) . In MCPIP1-overexpressed HEK293 cells, some genes involved in cell death (such as Bar and TNFR2) are up-regulated, and MCPIP1 is found to be localized in the nucleus of these cells. MCPIP1 is also suggested to be involved in MCP-1-mediated angiogenesis by regulating the expression of several genes, such as cdh12 and cdh19 (Niu et al., 2008) . However, Matsushita et al. (Matsushita et al., 2009 ) has later found that MCPIP1 is in the cytoplasm fraction rather than in the nuclear extract. Further investigation also reveals that MCPIP1 is localized in the cytoskeleton fraction, and some other proteins involved in mRNA metabolism have the same localization in cells (Henics, 1999; Mizgalska et al., 2009 ). More evidence is needed to prove the transcription factor activity of MCPIP1.
RNASE ACTIVITY OF MCPIP1
IL-6 mRNA IL-6, produced primarily by T cells and macrophages, is a multifunction cytokine with a wide range of biological activities. IL-6 binding with its receptor initiates cellular events such as cell growth, gene activation, proliferation, survival, and differentiation (Kishimoto, 1989 (Kishimoto, , 2005 Naugler and Karin, 2008) . IL-6 is an important mediator in the acute-phase response. In response to a variety of signals such as bacterial pathogens, IL-6 plays an important role in the quick induction of an innate immune response, and thus contributes to host defense against pathogens. The dysregulation of IL-6 production leads to various autoimmune and chronic inflammatory diseases, including obesity, insulin resistance, autoimmune disorders, and inflammation-associated malignancies. IL-6-deficient mice also shows defective response to infections, impaired T-cell-regulated antibody response, and compromised inflammatory acute-phase response (Kopf et al., 1994) . In clinical trials, the treatment of rheumatoid arthritis with humanized anti-IL-6 receptor antibody shows promising results (Tanaka et al., 2012 ). All these demonstrate the pathological significance of IL-6 in various immune diseases.
MCPIP1 is proven to be an important regulator for the stability of IL-6 mRNA. The mRNA level of IL-6 is increased in MCPIP1 knockout mice, suggesting a direct connection between MCPIP1 and IL-6. MCPIP1 overexpression also shortens the half-life of IL-6 mRNA in macrophages (Matsushita et al., 2009) . MCPIP1 is found to bind with and cleave the 3′-UTR of IL-6 mRNA. In contrast to TTP that recruits other nucleases to trigger mRNA destabilization, MCPIP1 alone is sufficient to induce IL-6 mRNA degradation (Anderson, 2008) . A conserved element (about nucleotide 80-110) and five AU-rich elements exist in the 3′-UTR of IL-6 mRNA. Nucleotide 80-110 is conserved among different species and can form a stem-loop structure (Paschoud et al., 2006) . Sequence deletion in the 3′-UTR of IL-6 mRNA shows that the conserved element can affect the efficiency of degradation more than the AU-rich elements for the MCPIP1-mediated destabilization of IL-6 mRNA.
The NCD of MCPIP1 is responsible for IL-6 mRNA degradation. NCD shares remote homology with the PIN domain-like RNase. Several acidic residues, such as Asp141, are suggested to form a catalytic center according to the computational structure. The point mutation of Asp141 to Asn abolishes the RNase activity of MCPIP1. In our investigation, we have shown that the NCD itself is sufficient to digest RNA in vitro. We have also demonstrated that the zinc-finger motif and the first 112 residues in the N-terminal domain are required for efficient RNA degradation by MCPIP1 (Xu et al., 2012) .
MCPIP1-mediated IL-6 mRNA cleavage is an important immune regulatory mechanism that may protect an organism from immune disorders. Thus, MCPIP1 is a potential therapeutic target for the clinical treatment of immune diseases.
mRNAs of other inflammatory cytokines
Apart from IL-6, MCPIP1 also participates in the regulation of mRNAs of other inflammatory cytokines. The IL-1β mRNA level can be down-regulated by the overexpression of MCPIP1 or up-regulated by the siRNA inhibition of MCPIP1 ). The IL-12p40 level is also increased in MCPIP1 knockout macrophages (Matsushita et al., 2009) , suggesting multiple mRNA targets of MCPIP1. The AU-rich element in the 3′-UTR of IL-1β mRNA can affect its degradation activity. A putative stem-loop structure similar to the conserved element of IL-6 mRNA 3′-UTR may also account for the degradation of IL-1β RNA.
IL-1β induces MCPIP1 expression in human monocyte-derived macrophages. MCPIP1, in turn, degrades IL-1β mRNA, forming a negative feedback loop. Although different mRNA targets of MCPIP1 have been discovered, a common protein-RNA interaction pattern may exist during MCPIPmediated cytokine mRNA degradation.
pre-microRNA
MCPIP1 targets not only mRNAs but also microRNAs (miRNAs). miRNAs are small single-stranded RNAs ap-proximately 18-24 nucleotides long (http://microrna.sanger. ac.uk/). They play an important role in many biological processes, particularly in inflammatory pathways, primarily by the regulation of mRNA stability (Guo et al., 2010; O′Neill et al., 2011; O′Connell et al., 2012) . Abnormal expression level of certain miRNAs is observed in cancers. Some miRNAs are identified as tumor suppressors or oncogenes in cancers (Garzon et al., 2009; Lee and Dutta, 2009) . miRNA biosynthesis begins with the transcription of pri-miRNA, which has a hairpin stem-loop structure. After transcription by RNA polymerase II, pri-miRNA is processed by a microprocessor to form pre-miRNA in the nucleus before being exported to the cytoplasm. The pre-miRNA is composed of a 22-base-pair stem, a loop, and a 3′-overhang (Lee et al., 2003; Denli et al., 2004; Gregory et al., 2004; Lee et al., 2004) . This pre-miRNA is then processed by an RNase III enzyme, Dicer, to form a 22-nucleotide mature miRNA (Hutvagner et al., 2001) . Mature miRNA subsequently forms a complex with RNA-induced silencing complex, and participates in the degradation of target mRNAs.
Recently, MCPIP1 is reported to down-regulate the expression level of several miRNAs (Suzuki et al., 2011) . MCPIP1 can decrease the expression level of mature miRNA and pre-miRNA but shows no effect on pri-miRNA, indicating that MCPIP1 targets only pre-miRNAs. The direct targets of MCPIP1 include miR-135b, miR-146a, miR-21, miR-155, miR-143, and miR-145 (Suzuki et al., 2011) . Most of them have important roles in biological processes as shown in Table 1 . In cancer patients, miR-21 and miR-155, which both function as oncogenes, are found to be up-regulated (Volinia et al., 2006; Garzon et al., 2009 ). miR-155 promotes the immune response by down-regulating the expression levels of its targets, including SHIP1 and SOCS1, whereas miR146aand miR-21 attenuate the immune response (O′Connell et al., 2012) . miR-143 targets hexokinase 2 to regulate cancer cell glycolysis, and also MACC1 to regulate cell invasion and migration Zhang et al., 2012) . The regulation of these miRNA expression levels by MCPIP1 may be important for immune response, particularly for cancers.
The pre-miRNAs typically form a stem-loop structure. MCPIP1 reportedly targets the terminal loop region and cleaves miRNAs at the loop region as an endonuclease (Suzuki et al., 2011) . Without the loop region, MCPIP1 fails to degrade miRNA.
In summary, a substantial amount of evidence proves the RNase activity of MCPIP1. However, the exact mechanism of MCPIP1 in miRNA level regulation requires further investigation.
STRUCTURE OF MCPIP1 NCD AND ITS RNASE ACTIVITY
Sequence analysis reveals that the NCD is an RNase. We have discovered that the NCD itself is sufficient for mRNA degradation in vitro. We have also determined the MCPIP1 NCD crystal structure at 2.0 Å as shown in Fig. 3A (Xu et al., 2012) . As previously suggested (Matsushita et al., 2009 ), MCPIP1 NCD is a PIN-like RNase that is supported by the superposition of the MCPIP1 NCD structure with the structure of a PIN domain family RNase, human SMG6 (pdb code: 2hww). Although many differences exist among the overall structures, they share a similar catalytic center whose residues are highly conserved (Fig. 3B) . The T5 5′ exonuclease (pdb code: 1exn) is suggested to be similar with the MCPIP1 NCD structure by the DALI server (Holm and Rosenstrom, 2010) . A similar α/β/α-sandwich fold of the overall structure and conserved catalytic center is also found in the superposition of the NCD structure with a T5 5′ exonuclease structure (Fig. 3C) . The conserved catalytic center in MCPIP1 is composed of four Asp residues: Asp141, Asp225, Asp226, and Asp244.
In the solved structure, we have shown a magnesium ion in the catalytic center surrounded by Asp226 and other five water molecules (Fig. 3B) . The structure of the catalytic center reveals several residues that are crucial to stabilizing the magnesium ion and the surrounding water molecules. The importance of these residues is verified by an in vivo luciferase assay. Asp141, which is suggested to be crucial to RNase activity, is found in the catalytic center to be stabilizing the water molecules around the magnesium ion. We have also found a positively charged arm consisting Arg214, Arg215, Lys219, and Arg220 near the catalytic center, and confirmed the importance of these residues by site mutation.
Interestingly, the PIN domain RNase and the FEN-like nuclease are categorized into the two-metal ion nuclease family (Yang, 2011) , whereas only one magnesium ion is found in the catalytic center of MCPIP1. Superposition of the MCPIP1 NCD structure with T5 5′ exonuclease structure presents a good fit in one of the metal-ion binding site. However, in the structure of MCPIP1 NCD, no residue composition is similar to the second metal-ion binding site of T5 5′ exonuclease (Fig. 3C ).
Substrate specificity
Substrate specificity is needed for MCPIP1 to obtain the accuracy of immune regulation. Several studies suggest that the CCCH-type zinc-finger motif can interact with the AU-rich elements located in the 3′-UTR of mRNAs (Lai et al., 2002; Hudson et al., 2004) . This interaction is needed for the efficient MCPIP1 degradation of IL-6 mRNA, but is not a necessary condition. The AU-rich elements are common in the 3′-UTR of many different mRNAs. Apart from the interaction between the zinc-finger motif and AU-rich elements, other mechanisms may be required for substrate specificity.
IL-6 mRNA digestion by MCPIP1 needs the recognition of a conserved element in the 3′-UTR (about nucleotide 80-110). The conserved element in the 3′-UTR of IL-6 mRNA and several pre-miRNAs can form hairpin structures as predicted, and MCPIP1 cleaves the pre-miRNA at the unpaired region (Suzuki et al., 2011) . The recognition of a secondary structure of mRNA may be important for substrate binding and its specificity. The positively charged arm near the catalytic center may play an important role in binding the hairpin structure of mRNA.
Other members of the MCPIP family (MCPIP2, MCPIP3, and MCPIP4) possess an NCD and a zinc-finger motif similar to MCPIP1, but they cannot cleave pre-miRNA. Oligomerization with MCPIP1 or interaction with other proteins may be needed for their substrate specificity.
MCPIP1 DEUBIQUITINATES TRAF PROTEINS
Another important regulatory function of MCPIP1 is its DUB activity. Ubiquitination is well known to be important for protein modification in the signal transduction of immune regulation (Liu et al., 2005; Bhoj and Chen, 2009 ). The K63-linked ubiquitination of the TRAF family proteins plays a significant role in the NF-κB signaling pathway, which is important for both innate and adaptive immune responses (Sun, 2008) . MCPIP1 protein can act as DUB both in vivo and in vitro. MCPIP1 overexpression in HEK293 cells results in fewer ubiquitinated proteins than normal cells. Purified MCPIP1 protein can cleave both K48-and K63-linked polyubiquitin chains, and this DUB activity can be abolished by N-ethylmaleimide (Liang et al., 2010) . With its deubiquitinase activity, MCPIP1 suppresses the LPS-mediated JNK and NF-κB signaling pathways. TRAF family proteins are proved to be the direct targets of MCPIP1 deubiquitinase (Liang et al., 2010) . Functioning as a DUB, MCPIP1 also completely blocks LPS-and IL-1β-induced JNK phosphorylation.
Until now, about 100 DUBs are found in the human genome. DUBs are proteases that can be categorized into five families according to their domain structures. Four families are Cys proteases, including ubiquitin C-terminal hydrolases, ovarian tumor proteases, ubiquitin-specific proteases, and Josephins. The other family is JAB1/MPN/MOV34 zinc metalloenzymes (Komander et al., 2009; Reyes-Turcu et al., 2009) . The domain architecture and crystal structure of each family have been reviewed (Komander et al., 2009 ). However, we have not found evidence that MCPIP1 belongs to any of these families. The crystal structure of MCPIP1 NCD shares no similarity with any known DUBs structure. The N-terminal of MCPIP1, which is important for its deubiquitinase activity as suggested by a previous study (Liang et al., 2010) , may be a novel DUB domain different from the known five families of DUBs. The full-length structure of MCPIP1 can provide more information on DUB activity. A sequence study suggests a potential UBA domain located in the N-terminal of MCPIP1 (residues 40-90), and this domain is conserved in the MCPIP family (Fig. 1B) .
CONCLUSION
MCPIP1, functioning as an RNase and DUB, is an important immune regulator (Fig. 2) . Numerous studies show that MCPIP1 is involved in many processes, such as the promotion of angiogenesis (Niu et al., 2008) , inhibition of macrophage activation (Liang et al., 2008) , attenuation of myocardial dysfunction (Niu et al., 2011) , and induction of cardiomyoblast death (Younce and Kolattukudy, 2010) . The RNase and deubiquitinase activities of MCPIP1 are well studied, and the NCD structure is solved. In this review, we conclude that MCPIP1 plays an important role in immune response regulation by directly targeting the mRNAs of several inflammatory cytokines, some pre-miRNAs, and the TRAF family proteins. Significant progress has been achieved in the functional and structural studies of MCPIP1 over the past few years. Given the promising of results of targeting the MCP-1/CCR2 pathway for cardiovascular disease therapy (Kolattukudy and Niu, 2012) , targeting MCPIP1 may be a feasible method of treating chronic inflammatory diseases or cancers.
MCPIP1 plays an important role in immune regulation; thus, solving the full-length structure of MCPIP1 and conducting more functional studies can enable the complete characterization of MCPIP1. The full-length structure may help elucidate the substrate-binding mechanism and the function of the zinc-finger motif. According to the conserved sequences of the MCPIP family proteins as well as the similar function of MCPIP1 and MCPIP4, revealing the function of all MCPIP family proteins is important. The study on immune activity regulation of MCPIP1 needs further investigation.
